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HIGHLIGHTS 


•  A  novel  microbial  electrochemical  system  (MES)  was  designed  for  electricity  generation  and  sulfate  conversion. 

•  Both  electrical  energy  boosting  and  in  situ  utilization  were  achieved  by  using  novel  boost  circuit. 

•  Elemental  sulfur  can  be  recovered  from  an  electrochemical  deposition  cell  (ECD)  without  any  net  energy  input. 
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A  novel  system  containing  a  microbial  electrochemical  system  (MES)  for  electricity  generation  and 
sulfate  conversion,  a  novel  boost  circuit  (NBC)  for  in  situ  utilization  of  the  electrical  energy  and  an 
electrochemical  deposition  cell  (ECD)  to  recover  sulfur  in  water  is  designed  and  established.  This  com¬ 
bined  system  has  a  higher  energy  utilization  efficiency  of  63.6%  than  that  of  conventional  sulfate 
reduction  reactors  with  an  elemental  sulfur  recovery  efficiency  up  to  46.5  ±  1.5%  without  net  energy 
input.  This  system  offers  a  promising,  and  cost-effective  approach  for  sulfate  wastewater  treatment. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Sulfate  contamination  is  present  in  a  wide  range  of  both  in¬ 
dustrial  wastewaters  and  sewage  such  as  mining,  tannery,  food 
processing,  paper  mill  wastewaters  etc  [1,2],  In  wastewater  treat¬ 
ment  plant  (WWTP),  sulfate  compounds  were  usually  converted  to 
sulfide  or  hydrogen  sulfide  by  sulfate-reducing  bacteria  (SRB)  un¬ 
der  anaerobic  conditions  of  wastewater  treatment  process  and 
released  to  air,  causing  secondary  pollution  [3],  These  compounds 
emission  are  associated  with  several  important  deterioration 
problems  for  aquatic  ecosystems,  including  release  of  unpleasant 
odors,  pose  a  potential  risk  to  human  health  and  induce  corrosion 
to  architectures,  metals  etc  [4,5],  So,  the  removal  of  sulfate  from 
wastewaters  and  recovery  of  elemental  sulfur  are  two  key  chal¬ 
lenges  that  researchers  should  be  faced  with. 
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Sulfate  can  be  removed  by  physico-chemical  methods,  but  high 
operation  cost  and  post-treatment  of  large  quantities  of  sludge 
restrained  the  utilization  of  physico-chemical  technologies  to 
collect  sulfur  [3],  During  biological  removal  process,  sulfate  is 
usually  converted  to  sulfide  coupling  with  COD  removal  by  strains 
of  sulfate-reducing  bacteria  (SRB).  Elemental  sulfur  might  be 
further  collected  by  strains  of  sulfur-oxidizing  bacteria  (SOB)  [6], 
However,  it  is  difficult  to  separate  the  elemental  sulfur  from  acti¬ 
vated  sludge  although  the  activities  of  both  SRB  and  SOB  are  high  in 
practical  WWTP  [7],  Moreover,  both  high  running  cost  (€  1.9  to 
7.2  kg-1  S  removal),  low  energy  utilization  efficiency  (10%— 25%) 
and  low  sulfate  removal  rate  (26.4%-52.9%)  are  a  major  bottleneck 
for  the  existing  sulfate  removal  technologies  [3,8-10], 

The  electrochemical  deposition  of  sulfide  can  be  used  to 
recover  pure  elemental  sulfur  on  the  surface  of  electrode  [11],  It 
offers  very  beneficial  alternative  and  promising  approach  to 
improve  recovery  efficiencies  of  elemental  sulfur  and  enable  the 
development  of  new  processes  to  minimize  by-products  and 
large  scale  production  [1,12],  But  the  major  limitation  of  the 
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Fig.  1.  The  schematic  (A)  and  circuitry  diagrams  of  in-situ  energy-harvesting  and  utilization  based  alternate  charging  and  discharging  of  both  sulfate  reduction  MESs  and  electrochemical 
deposition  system:  (B)  charging  of  Ci— C3  by  MES1— MES3,  (C)  discharging  of  Ci— C3  capacitors  in  series  and  charging  of  C4-C6  by  MES1— MES3,  (D)  discharging  of  C4— C6  capacitors  in 
series  and  charging  of  C1-C3  (MES1,  MES2,  MES3,  sulfate  reduction  MESs;  ECD  system,  electrochemical  deposition  system;  Cj-Q,  external  capacitors;  Si-Sg,  relay  switches). 
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electrochemical  deposition  is  the  high  energy  consumption  due  to 
the  consumption  of  external  power. 

Microbial  electrochemical  system  (MES)  is  a  novel  bio¬ 
electrochemical  system  that  can  convert  chemical  energy  from 
wastewater  directly  into  electricity  using  exoelectrogenic  micro¬ 
organisms  as  catalysts  [13].  It  has  been  proved  enormous  potential 
advantages  in  wastewater  treatment  field  due  to  its  direct  har¬ 
vesting  of  electricity  and  less  energy  input  [14  .  Theoretically, 

sulfate  can  be  reduced  to  sulfide  in  MES  if  strains  of  SRB  existed  in 
the  system  [16,17],  Our  previous  research  also  indicated  that  sulfide 
can  also  be  oxidized  into  elemental  sulfur  and  easily  deposited  on 
the  anodic  surface.  The  precipitated  elemental  sulfur  on  the  anode 
surface  was  hard  to  be  recovered  and  might  incur  an  anodic 
passivation  over  long  time  operation,  as  well  as  inhibition  of 
exoelectrogenic  bacteria  activity  by  the  high  sulfide  concentration 
[18,19], 

Therefore,  in  order  to  achieve  the  simultaneous  effective  treat¬ 
ment  of  sulfate  and  high  elemental  sulfur  recovery  efficiencies,  here 
in  this  paper,  a  new  system  was  designed,  consisted  of  a)  MES  to 
generate  electricity,  b)  a  novel  boost  circuit  (NBC)  consists  of 
supercapacitors  to  collect  and  boost  the  voltage  as  a  power  supply 
and  c)  an  ECD  (Electrochemical  Deposition)  to  realize  the  sulfur 
recovery  without  external  energy  input.  In  this  energy  coupling 
system,  the  energy  needed  for  elemental  sulfur  recovery  in  ECD 
was  supplied  by  the  oxidation  of  pollutants  in  wastewater  in  MES. 
Compared  with  the  conventional  sulfate  reduction  reactors,  the 
novel  energy  coupling  system  has  the  advantages  of  high  sulfate 
reduction  rate,  high  elemental  sulfur  recovery,  and  without  any  net 
energy  input.  Thus,  this  system  is  newly  designed  with  an  envi¬ 
ronmental  friendly  electrochemical  technology  and  further  prom¬ 
ising  cost  effective  approach  for  practical  sulfate  wastewater 
treatment. 

2.  Materials  and  methods 

2.7.  The  combined  system  construction 

The  present  system  consists  of  three  MES  reactors,  novel  boost 
circuit  (NBC),  one  electrochemical  deposition  system  (ECD)  (Fig.  1). 

MES  was  consisted  of  Lexan  cubic  blocks  with  cylindrical 
chambers  inside  (3  cm  in  diameter  and  4  cm  in  length,  net  volume 
28  mL)  [20],  The  anodes  were  made  of  non-wet  proofed  carbon 
cloth  (E-TEK,  USA).  Carbon  cloth  (CC,  B-l  Designation  B,  30%  PTFE- 
based  wet  proofed,  Clean  Fuel  Cell  Energy,  LLC,  USA)  coated  with  Pt/ 
C  catalyst  (0.35  mg  Pt/C  cm-2,  Nation  binder)  was  used  as  air 
cathodes. 

The  novel  boost  circuit  (NBC)  was  composed  of  six  super¬ 
capacitors  (3.3  F),  three  timing  relays,  8  switches  and  connection 
circuits  (equivalent  circuit  shown  in  Fig.  IB— D).  Each  MES  respec¬ 
tively  corresponded  to  two  capacitors.  The  switchover  of  charging 
and  discharging  for  each  pair  of  supercapacitors  was  controlled  by 
the  unified  mode  of  the  timing  relays. 

The  electrochemical  deposition  system  (ECD)  consisted  of  an 
anode,  a  cathode  and  the  electrolyte  with  a  net  volume  of  28  mL. 
Carbon  cloth  (projected  area  of  7  cm2,  E-TEK,  USA)  was  used  as 
working  electrode,  while  platinum  was  used  as  the  counter 
electrode. 

2.2.  The  combined  system  operation 

The  triplicate  MESs  were  inoculated  with  the  effluents  from 
other  MES,  which  were  stably  operated  for  more  than  one  year.  All 
the  MESs  operated  in  fed-batch  mode  at  1000  Q  external  resistor 
(unless  otherwise  specified)  in  a  constant  temperature  room 
(30  °C).  After  three  successive  batch  cycles  of  reproducible  voltage 


generation,  the  MESs  were  inoculated  with  a  30:70  mixture  of  the 
pre-acclimated  suspension  of  SRB  and  synthetic  sulfate  medium 
in  the  following  three  batch  cycles.  The  medium  contained  2  g  L-1 
of  CH3COONa,  1  g  L  1  Na2S04,  50  mmol  L  '  PBS,  12.5  mL  L  1 
mineral,  and  5  mL  L-1  vitamin  solutions.  The  influent  was  fed  into 
the  three  MES  reactors  one  by  one  with  a  time  interval  of  16  h.  The 
operation  period  of  each  MES  reactor  was  set  at  48  h.  The  effluent 
from  each  MES  reactor  was  fed  into  the  ECD  with  the  same  in¬ 
terval  of  16  h. 

2.3.  Calculations  and  measurements 

The  voltage  of  MES,  voltage  drop  of  the  capacitor,  and  the  input 
voltage  of  electrochemical  systems  were  recorded  per  30  min 
(unless  otherwise  specified)  by  the  data  acquisition  system  (PISO- 
813,  ICP  DAS  Co.,  Ltd.).  The  30  min  average  data  was  automatically 
calculated  based  on  the  last  30  original  data  of  1  min.  The  30  min 
average  data  were  used  in  most  of  the  figures.  COD  removal  rate,  CE, 
energy  and  energy  conversion  efficiency  were  calculated  as  previ¬ 
ously  described  [20,21,22],  The  concentration  of  both  sulfate  and 
sulfide  were  measured  by  ion  chromatography  (Dionex  ICS-3000) 
[18],  the  generation  of  elemental  sulfur  was  measured  by  spectro- 
photometric  method  [23], 


during  a  complete  cycle  in  MES  (B). 
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3.  Results  and  discussion 

3.1.  The  novel  boost  circuit 

The  novel  boost  circuit  (NBC)  was  constructed  by  supercapacitor 
arrays.  Six  capacitors  were  charged  by  three  MESs,  with  two  ca¬ 
pacitors  alternatively  charged  by  one  MES.  The  charging  charac¬ 
teristic  of  novel  boost  circuit  (NBC)  was  examined  over  80  min  with 
an  MES  as  the  power  supply  (Fig.  S1A).  The  voltage  of  the  capacitor 
increased  fast  in  the  first  30  min.  Afterward  the  voltage  increased 
slowly,  indicated  a  saturation  region.  The  maximum  charging  effi¬ 
ciency  was  84%  at  30  min.  Fig.  SIB  showed  the  discharging  char¬ 
acteristic  of  the  capacitor  valued  3.3  F  was  investigated  under 
30  min  discharging  times.  Although  the  discharging  phase  of  the 
capacitor  was  affected  by  the  target  of  the  discharging  times, 
however,  considering  the  matching  of  total  charge  and  discharge 
times,  30  min  were  determined  as  both  the  charging  and  dis¬ 
charging  periods. 

Three  capacitors  (C1-C3)  was  charged  by  30  min  using  three 
MES  (MES1,  MES2,  MES3)  (Fig.  IB),  and  then  they  were  discharged 
in  series  to  power  the  electrochemical  deposition  reactor  (ECD)  in 
the  following  30  min,  while  another  three  capacitors  (C4-C6) 
were  charged  by  the  three  MESs  (MES1,  MES2,  MES3)  simulta¬ 
neously  (Fig.  1C).  When  capacitors  (C4-C6)  were  discharged  in 
series  to  supply  energy  to  electrochemical  deposition  reactor 
(ECD),  capacitors  (Ci— C3)  were  recharged  by  three  MESs  again 
(Fig.  ID). 


3.2.  MES  performance 

Stable  voltages  (440  ±  10  mV,  1000  Q,  over  48  h)  from  three 
parallel  MESs  (MES1,  MES2,  MES3)  were  observed  after  the  inoc¬ 
ulation  of  SRB  in  two  consecutive  cycles  (Fig.  2A),  indicated  that 
both  anodic  exoelectrogenic  bacteria  and  SRB  communities  had 
been  well  acclimated  in  MESs. 

Repeatable  cycles  of  the  sulfate  reduction  were  also  observed 
simultaneously  with  the  stable  power  generation  of  MESs,  indi¬ 
cated  that  the  SRB  had  the  better  adhesion  property  of  the  rougher 
anode  and  vessel  wall  of  reactor.  The  sulfate  contents  of  MESs  were 
decreased  at  near  linear  rate  from  7.0  to  1.0  mmol  L-1  during  0- 
52  h  (Fig.  2B).  The  maximum  sulfate  removal  rate  of  86.3%  was 
achieved  at  52  h,  followed  by  a  slow  increase  in  sulfate  concen¬ 
tration  of  the  effluent  at  the  end  of  the  period.  The  increase  of 
sulfate  in  the  effluent  could  be  attributed  to  the  relative  positive 
anode  potential  caused  by  the  competition  of  sulfide  oxidation 
process  at  the  end  of  the  cycle,  with  a  part  of  sulfide  oxidized  to 
sulfate  [24],  Sulfide  was  simultaneously  accumulated  until  a  peak 
concentration  of  4.5  ±  0.02  mmol  L-1  observed  at  40  h  and  then 
decreased  to  0.61  ±  0.03  mmol  L-1  during  the  rest  of  the  cycle.  The 
total  dissolved  sulfide  and  sulfate  was  sharply  decreased  from 
6.3  ±  0.05  to  2.8  ±  0.02  mmol  L  1  during  48-60  h.  And  then  it  was 
slowly  decreased  to  2.4  ±  0.06  mmol  L  1  within  the  next  15  h, 
which  was  consistent  with  the  trend  of  power  output.  The  decrease 
of  total  dissolved  sulfide  and  sulfate  was  partly  due  to  the  conver¬ 
sion  of  sulfide  to  element  sulfur  on  the  anode  (Fig.  S2). 


Fig.  3.  The  voltages  of  the  capacitors  using  MES  as  power  supply  (A-C),  and  the  input  voltages  of  electrochemical  deposition  system  (D).  (A)  MES1,  output  voltage  of  Cj  and  C4  by 
MES1;  (B)  MES2,  output  voltage  of  C2  and  C5  by  MES2;  (C)  MES3,  output  voltage  of  C3  and  Q  by  MES3.  The  blue  arrows  indicate  the  effluent  of  ECD  was  replaced  with  fresh  MES- 
effluent  water.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Since  the  voltage  of  MES  began  to  decrease  at  48  h,  the  total 
charging  time  for  capacitors  was  determined  as  48  h  to  obtain  a 
high  power  supply.  The  effluent  from  MES  that  capable  to  reduce 
sulfate  was  transferred  to  an  ECD  reactor  at  48  h  in  order  to  mini¬ 
mize  losses  on  deposition  of  elemental  sulfur  on  the  anode  of  MES, 
which  meets  the  expectation  of  elemental  sulfur  recovery. 


at  near  linear  rate  from  4.0  to  0.6  mmol  L-1  during  0—16  h,  indi¬ 
cating  that  the  electrolyte  in  ECD  reactor  was  replaced  with  effluent 
of  MES  every  16  h  (Fig.  3D).  The  total  energy  consumed  in  elec¬ 
trochemical  deposition  system  was  62.7  J.  And  the  total  energy 
efficiency  from  the  generation  (MES)  to  final  utilization  (ECD)  was 
calculated  as  63.6%. 


3.3.  Both  performance  and  energy  efficiency  of  the  combined 
system 


3.4.  COD  removal  rates,  Coulombic  efficiency  and  elemental  sulfur 
recovery  rate 


Variations  of  both  voltages  across  MESs  to  power  capacitors  and 
the  discharging  voltages  of  capacitors  to  supply  to  ECD  reactor  were 
shown  in  Fig.  3.  The  oscillation  of  voltages  of  both  capacitors  and 
ECD  were  probably  due  to  the  high  switching  frequency  of  charging 
and  discharging  processes.  The  average  voltages  produced  by  the 
sulfate  reduction  MESs  were:  0.45  ±  0.03  V  (MES1,  Fig.  3A); 
0.43  ±  0.04  V  (MES2,  Fig.  3B);  0.41  ±  0.04  V  (MES3,  Fig.  3C),  sup¬ 
plying  total  energies  to  NBC  of  30.4  J  (MES1);  29.0  J  (MES2);  27.8  J 
(MES3).  The  total  energy  conversion  efficiency  of  the  capacitors 
connected  to  the  sulfate  reduction  MESs  can  be  calculated  as  82.5% 
based  on  total  energy  produced  in  MESs.  The  results  indicated  that 
the  present  NBC  by  using  capacitor  arrays  was  a  promising  method 
to  achieve  a  high  energy  harvesting  efficiency. 

The  voltage  supplied  to  electrochemical  deposition  system  was 
0.76  ±  0.15  V,  which  can  be  used  to  drive  this  thermodynamically 
unfavorable  reaction  of  oxidizing  sulfides  to  elemental  sulfur.  The 
changes  of  sulfide  concentration  in  the  ECD  system  over  time  were 
shown  in  Fig.  S3.  The  sulfide  concentration  was  gradually  reduced 


COD  removal  rates  and  Coulombic  efficiency  (CE)  were 
82.3  ±  0.3%  and  35.8  ±  0.8%  as  listed  in  Fig.  4A,  indicated  that  MESs 
utilized  here  can  be  stably  operated  under  NBC  environment  to 
sustain  an  energy  harvesting.  The  Coulombic  efficiency  was 
calculated  under  the  maximum  power  output  point  by  optimizing 
the  external  resistance. 

The  sulfate  removal  rate  reached  90.2  ±  1.2%  and  elemental 
sulfur  recovery  rate  reached  46.5  ±  1.5%  (Fig.  4B).  The  high  sulfate 
removal  rate  strongly  depended  on  the  activity  of  SRB  in  MES  while 
the  elemental  sulfur  recovery  rate  depended  on  the  electro¬ 
chemical  sulfur  deposition  rate.  The  COD/sulfate  ratio  could  also 
affect  the  coulombic  efficiency  and  the  theoretical  sulfur  recovery 
rate  in  the  coupling  system.  Based  on  the  coulombic  efficiency  in 
MESs  and  the  coulombic  transfer  efficiency  from  capacitors  to  ECD, 
the  COD/sulfate  ratio  (2.3:1)  in  this  study  could  be  too  low  to 
adequately  supply  power  for  ECD  to  recover  all  the  sulfur.  This 
implies  that  sulfate  wastewater  with  higher  COD/sulfate  ratio  could 
effectively  achieve  sulfur  removal  and  elemental  sulfur  recovery  in 
the  energy  coupling  system.  Moreover,  the  electrical  energy  stored 
in  the  capacitors  can  achieve  the  in  situ  utilization  of  energy 
recovered  from  sulfate  wastewater.  Therefore,  the  MES  and  elec¬ 
trochemical  coupled  design  can  be  used  to  promote  the  sulfate- 
containing  wastewater  treatment. 

4.  Conclusions 

A  novel  energy  coupling  system  was  designed  for  sulfate 
reducing,  energy  boosting  and  in-situ  application  as  power  supply 
on  ECD  to  achieve  elemental  sulfur  recovery  without  any  net  en¬ 
ergy  input.  The  energy  efficiency  of  the  whole  system  was  63.6% 
and  the  maximum  elementary  sulfur  recovery  rate  was  46.5  ±  1.5%. 
During  the  treatment  process,  the  coupling  system  needs 
precise  operation  to  match  the  MES  and  ECD  in  both  matter  and 
energy  aspects.  However,  the  coupling  system  provides  a  promising 
alternative  bio-treatment  process  of  sulfur  wastewater  with  the 
advantages  of  in-situ  utilization  of  energy  recovery,  high  efficiency 
of  pollutant  removal  and  high  ratio  of  elemental  sulfur  recovery. 
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Appendix  A.  Supplementary  data 


Fig.  4.  The  Coulombic  efficiencies,  cod  remove  rate  (A)  and  sulfate  removal  rate,  Supplementary  data  related  to  this  article  can  be  found  at  http:// 

elemental  sulfur  recovery  rate  (B)  of  overall  systems.  dx.doi.Org/10.1016/j.jpOWSOUr.201? .09.098. 
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